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Abstract 
  CVD (chemical vapor deposition) procedures were investigated by using a counter diffusion CVD 
method. The effects of silica precursors on the hydrogen permeation properties of the silica membranes 
were discussed. 5 types of silica alkoxides (tetramethylorthosilicate (TMOS), methyltrimethoxysilane 
(MTMOS), propyltrimethoxysilane (PTMOS), dimethyldimethoxysilane (DMDMOS), and 
trimethylmethoxysilane (TMMOS)) were employed as the silica precursors; they have different numbers 
of methyl groups. Hydrogen permeance through the DMDMOS membrane prepared at 500 °C was 9.0 x 
10–7 mol m–2 s–1 Pa–1, and H2/N2 selectivity was 920. Activation energy of H2 permeation through the 
silica membrane prepared from TMOS was 10.5 kJ mol-1 that was the maximum among the 5 types of the 
silica precursor. This indicates dense silica layer can be obtained from TMOS. Thus, TMOS was 
employed for the further Li4SiO4 preparation. 
High temperature CO2 permselective membranes were successfully prepared by using Li4SiO4 as a CO2
selective layer. Pinholes of the Li4SiO4 layer was filled by the CVD post treatment at 600 °C. CO2/N2
permselectivity was 1.2 at the 600 °C permeation test. The CO2 permeance ratio is higher than the 
Knudsen diffusion difference. Thus, this selectivity was explained by the CO2 selective adsorption on the 
Li4SiO4 layer.  
© 2013 The Authors. Published by Elsevier  Ltd. 
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1. Introduction 
CO2 is usually exhausted from combustion or oxidation reaction at high temperature. So, high 
temperature CO2 permselective membranes can improve reaction efficiency by removing CO2 at the 
reaction temperatures. However, there are few reports published for high temperature CO2 permselective 
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membranes that can be used at more than 200 °C [1, 2]. We paid attention to Li4SiO4 due to the high 
adsorption temperature of CO2 (ca. 600 °C) [3, 4]. We have been preparing thin Li4SiO4 membranes by 
using a solid state conversion method [5]. The solid conversion method uses porous silica sources. The 
porous silica sources were coated on a porous alumina substrate with Li solutions. Porous silica and Li 
were reacted into Li4SiO4 at the low temperatures around 600 °C. Here, we paid attention to a CVD 
(chemical vapor deposition) method [6]. We have been developing silica membranes using a counter 
diffusion CVD method for high temperature gas separation [7, 8]. H2 permselective membranes were 
prepared between the 300 °C - 700 °C deposition [9]. However, effects of silica precursors on the silica 
deposition were not clear. First, 5types of the silica precursors were investigated. Next, the best silica 
precursor was used for the Li4SiO4 preparation. Fig. 1 shows the concept of our membranes. Li4SiO4 layer 
is coated on a porous alumina substrate. The pinholes between the Li4SiO4 particles are filled by the silica 
deposition by using a counter diffusion CVD method. A counter diffusion CVD method uses two 
reactants that provided from the opposite side of the Li4SiO4 layer. Deposition reaction occurs in the 
pinholes and the reaction stops due to the diffusion limitation of the reactants by the deposited silica.  In 
this study, preparation method of thin Li4SiO4 membrane was investigated. First, CVD procedures were 
investigated to obtain a dense deposition. Next, this CVD procedure was employed for the Li4SiO4 layers 
to fill the pinholes.  
Fig.1 High temperature CO2 permselective membranes prepared by using a CVD method 
2. Experimental 
2.1. Counter diffusion CVD method 
Fig. 2 shows the structural formulas of the silica precursors employed in this study. 
Tetramethylorthosilicate (TMOS), methyltrimethoxysilane (MTMOS), propyltrimethoxysilane (PTMOS), 
dimethyldimethoxysilane (DMDMOS), and trimethylmethoxysilane (TMMOS) were used as silica 
precursors by changing the number of alkyl groups of the precursors. Porous -alumina substrates 
(effective membrane area,  = 2.7 mm, L = 50 mm, pore size 0.1 m) were provided by NOK Co. A -
alumina layer having about 6 nm pores was dipped on an -alumina substrates using a sol–gel method. 
Fig. 3 shows the schematic diagram for the counter diffusion CVD method and for the permeation 
measurements. A -alumina substrate was placed in the membrane module in the furnace kept between 
500 °C and 600 °C. The silica precursors were provided to the membrane module by using N2 bubbling 
kept at 45 °C. The O2 flow rate was kept at 200 ml min
-1 inside the substrate. CVD was carried out for 1 h. 
The permeance was measured by a pressure change method. The outer side of the membrane was kept 
at the ambient pressure of the single gas (H2 or N2). The inner side of the membrane was evacuated, and 
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the rate of pressure change at the inside of the membrane was measured by turning off the valve between 
the module and the vacuum pump. The cross-sectional observation of the silica membrane was carried out 
using an SEM (ESEM-2700, Nikon Co.) 
Fig. 2 Structural formulas of the silica precursors 
Fig. 3 A schematic diagram of the CVD apparatus 
2.2. Li4SiO4 membrane preparation 
The Li4SiO4 membranes were prepared by using 2 different methods. One is the direct conversion 
from Li to Li4SiO4. Li2CO3 and K2CO3 mixtures were employed at the molar ratio of 1˖0.4. A porous -
alumina substrates with pore size of 0.15 m were used as supports. The other is CVD post treatment 
method. CVD was conducted to a Li coated alumina substrates. TMOS was provided through a N2
bubbler controlled at 45 °C as a silica source. CVD was carried out at 600 °C or 717 °C for 4 h. The other 
is conversion from calcined powders consisted with Li and Si. Powder samples were calcined at 700 °C 
from the mixture of the molar ratio of Li2CO3: SiO2˙4: 1. Polyvinyl alcohol was added to this calcined 
powder to obtain Li-Si slurry. The calcined Li-Si slurry was dipped on a porous alumina substrate. This 
membrane was not dense enough to separate CO2. Thus, counter diffusion CVD treatment was conducted 
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to fill the gaps between the calcined Li-Si slurry. The membranes were characterized by high temperature 
gas permeation tests and XRD measurements. The amounts of CO2 adsorption to Li4SiO4 were measured 
by using a thermogravimetry (TG: TGA-50, Shimadzu Co.). The amounts of Li4SiO4 powder sample was 
10 mg (8.4 x 10-5 mol). CO2 was provided 100 ml min
-1, and temperature was controlled at the ratio of 
5 °C min-1.
3. Results and discussions 
3.1. H2 permeance through the silica membranes 
Deposition conditions were investigated by 
changing the silica precursors described in Fig. 2. 
Selective and stable silica membranes were 
prepared by using TMOS as a precursor at 
600 °C for 2 h in our previous report [7]. CVD 
was carried out at 600 °C by using DMDMOS. 
However, the substrates were always cracked and 
many silica particles were found on the surface of 
the substrate after deposition at 600°C. This 
might occur because the reaction rate of 
DMDMOS/O2 is too fast and the substrate was 
broken by the heat of the reaction. Depositions 
were conducted at 500 °C using TMOS, 
MTMOS, DMDMOS, or TMMOS. The substrate 
was not broken in these reactions, so the reaction 
temperature was kept at 500 °C. Fig. 4 shows the 
time course of the silica deposition when using 
DMDMOS at 500 °C. H2  and N2 permeance 
decreased sharply in the first 10 min of 
deposition. The H2/N2 permeances ratio after 10 
min deposition was about 140. After 10 min 
deposition, H2 permeance decreased slightly, 
indicating that most substrate pores were filled by 
the silica in the first 10 min of treatment. N2
permeance also decreased with deposition period 
showing that the small numbers of pinholes were 
filled by the CVD treatment within 10 min. This 
is the typical counter diffusion CVD mechanism. 
The H2/N2 permeance ratio increased to 460 after 
120 min of deposition. From the data shown in 
Fig 4, the membrane permeation properties were 
stable after 60 min of deposition. The CVD 
period was kept at 1 h for TMOS, MTMOS, 
DMDMOS, and TMMOS. 
Fig. 5 shows the H2 permeances and H2/N2
permeances ratios through the membranes 
deposited from TMOS, MTMOS, DMDMOS, and 
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TMMOS at 500 °C. It is obvious that hydrogen permeance through the DMDMOS membrane is the 
highest among the precursors with H2/N2 permeance ratios over 500. To improve reaction efficiency in 
the membrane reactor, the H2/N2 permeance ratios are required to exceed 100 [10]. H2 permeance was 9.0 
x 10-7 mol m-2 s-1 Pa-1 for the DMDMOS membrane, more than five times larger than that for the TMOS 
membrane. In these reaction conditions, DMDMOS is the best silica precursor to obtain the higher H2
permeance silica membranes. The results indicate that hydrogen permeance increases with increasing 
numbers of alkyl groups in the precursors. However, hydrogen permeance through the TMMOS 
membrane was smaller than that through the DMDMOS membrane. 
Fig. 6 shows the Arrhenius plots of the silica 
membranes shown in Fig. 5. Activation energies of 
H2 permeation through the silica membranes are 
also shown in the figure. The activation energy 
through the TMOS membrane was 10.5 kJ mol-1
that was the highest among 5 precursors. This is 
almost the same as previous results [7], showing 
that the reproducibility of the membrane was good. 
H2 permeance increased with increasing numbers 
of methyl groups in the silica sources, while 
activation  energies decreased with  increasing 
numbers of methyl groups. However, the silica 
membrane prepared from TMMOS showed 
different permeation properties. H2 permeance at 
500 °C was smaller than that through the 
membrane from DMDMOS, and the activation 
energy of H2 permeation was 3.9 kJ mol
-1 that was 
the minimum among 5 precursors. This result 
indicates that the deposition mechanism of 
TMMOS is different from that of TMOS or DMDMOS. The activation energies of H2 permeation show 
the diffusion barrier in the silica layers. Fig. 7 shows the cross-sectional observations of SEM images for 
the CVD membranes deposited by using TMOS and DMDMOS. Small particles about 1 m size were 
found on the surface of the DMDMOS membrane, while no particles were found on the TMOS 
membrane. These particles should be silica deposited by the thermal decomposition at 773 K, because H2
permeance was almost constant after 10 minutes of deposition, as shown in Fig. 4. N2 permeance was 
very low at around 10-9 mol m-2 s-1 Pa-1. The permeances of N2 and O2 were the similar for the silica 
membranes because of their similar molecular sizes. 
Fig. 7 SEM images of the cross-sectional views of the silica membrane 
prepared by DMDMOS and TMOS 
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From this result, DMDMOS is more reactive than TMOS. If the silica precursor is reactive, the silica 
deposition may be thinner. In conclusions of this section, TMOS is the best silica precursor among 5 
precursors. Because, there was no particle formation without O2, and the deposited silica was dense by the 
lowest activation energy of H2 permeation. TMOS was employed for the silica source in the following 
section. 
3.2. Li4SiO4 membrane preparation using a CVD method 
First, CO2 permeations through 4 Li4SiO4 membranes prepared by using the direct conversion method 
were tested. Fig.8 shows the CO2 permeances plotted as a function of permeation temperature. The 3 
membranes (B, C, D) were cracked at around 650 °C, while the membrane (A) was not broken at 750 °C. 
CO2 permeance through the membrane (a) slightly decreased with increasing permeation temperature, 
showing that the permeation mechanism was based on the Knudsen diffusion. High CO2 permeance with 
the Knudsen diffusion indicates that the membrane (A) was not dense enough for a CO2 permselective 
membrane. Membranes (C) and (D) showed the different trend compared with the membrane (A). The 
initial CO2 permeances were less than 10
-7 10-9 mol m-2 s-1 Pa-1 that were about two orders smaller than 
that through the membrane (A). This indicates that the membranes (C) and (D) were dense membrane. 
The CO2 permeance sharply changed from 550 °C to 650 °C, and the membranes were broken during 
700 °C permeation tests. Li4SiO4 reacts with CO2 at around 700 °C. Thus, the membranes (C) and (D) 
were broken due to thermal expansion difference between Li4SiO4 layer and the alumina substrate. The 
CO2 permeance decreased at 600 °C permeation tests through the membrane (C), while the CO2
permeance increased through the membrane (D). Based on our concept shown in Fig. 1, the CO2 
permeation at 600°C should increase with increasing the permeation temperature as shown through the 
membrane (D). The microstructures for the membrane (C) and (D) must be different. However, further 
structure characterization should be required for the detailed discussion.
Temperature dependence of Li4SiO4 and CO2 was investigated by using TG measurements. Fig. 9 
shows the CO2 adsorption amounts for Li4SiO4 powder under CO2 atmosphere measured by using a TG. 
The amounts of CO2 adsorption were little below 500 °C measurements. On the other hand, the amounts 
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Fig. 9 CO2 adsorption on Li4SiO4 particles by 
changing temperature 
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of CO2 adsorption sharply increased at around 700 °C. The main reaction between Li4SiO4 and CO2 starts 
at around 660 °C by using an extrapolation method between 200 °C and 700°C. The maximum amounts 
of CO2 adsorption was 8.63 x 10
-5 mol at 717 °C. This amount of CO2 is 1.0 mol mol
-1 of Li4SiO4. The 
amounts of CO2 adsorption decreased over 717 °C. Li4SiO4 and CO2 were almost decomposed at 900°C, 
and the adsorption amount was only 0.45 x 10-5 mol at 900 °C. The expansion of Li4SiO4 must be due to 
the adsorption of CO2. Thus, the maximum volume of Li4SiO4 is at 717 °C under CO2 atmosphere. In the 
following section, permeation tests were conducted at 600 °C and 717 °C. CO2 and Li4SiO4 start to react 
at 600 °C. Reaction rate and decomposition rate between Li4SiO4 and CO2 are almost the same at 717 °C. 
Fig. 10 XRD measurements after the CVD treatment on Li2CO3 and K2CO3
(a) after 600 °C CVD  (b) after 700 °C CVDt (c) after 600 °C CVD with 700 °C calcination 
Effects of deposition temperature were discussed 
for the CVD method using Li2CO3 and K2CO3
(Li2CO3: K2CO3= 5:2) powder mixture. Fig. 10 
shows the XRD patterns after the CVD treatments 
on the Li2CO3 and K2CO3 mixture. The XRD 
patterns of Li2SiO3 were found both from the 
600 °C and 700 °C samples. However, amorphous 
silica halo was found only from the 700 °C sample 
indicating that TMOS was thermally decomposed 
in the vapor phase to obtain pure silica powders. 
While, Li2CO3 peaks were also measured from the 
XRD pattern for the 600 °C sample. This shows 
that the reaction from Li source to Li4SiO4 was not 
enough. Thus, 700 °C thermal treatment was 
employed for the 600 °C sample. After this thermal 
treatment, sharp Li4SiO4 perks were observed. The 
700 °C thermal treatment was effective to obtain 
pure Li4SiO4 samples. Fig. 11 shows the 
permeation experimental before and after the CVD 
treatment.  N2 permeance before the CVD treatment 
was 3.4 x 10-6 mol m-2 s-1 Pa-1 that was almost the 
same to the alumina substrate without coating showing that the Li4SiO4 coating was not dense. N2
permeance decreased to 1.2 x 10-9 mol m-2 s-1 Pa-1 by the 10 min of the CVD treatment. As a result, 
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CO2/N2 permeance rate increased from 0.70 to 1.2 at the 600 °C permeation test. This permeance ratio 
was higher than that of Knudsen diffusion ratio.  
4. Conclusions 
CO2 permselective Li4SiO4 membrane were prepared by the combination of li layer coating and the 
CVD method. The CO2/N2 permeance ratio was 1.2 at 600 °C showing that CO2 was permselective 
through the membrane at such high temperature. The silica source of the CVD method was investigated 
by the silica deposition on a porous alumina substrate. TMOS was the beat silica precursor due to the 
dense deposition and no reaction in the feed vapor side. Permeation temperatures through Li4SiO4
membrane were determined at 600 °C and 717 °C by the TG measurements under CO2 atmosphere.  
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